Background/aims: Microgravity leads to hydrodynamic alterations in the cardiovascular system and is associated with increased angiogenesis, an important aspect of endothelial cell behavior to initiate new vessel growth. Given the critical role of Rho GTPase-dependent cytoskeleton rearrangement in cell migration, small GTPase RhoA might play a potential role in microgravity-induced angiogenesis. Methods: We examined the organization of actin filaments by FITC-conjugated phalloidin staining, as well as the expression and activity of RhoA by quantitative PCR and Western blot, in human umbilical vein endothelial cells (HUVECs) under normal gravity and simulated microgravity. Effect of simulated microgravity on the wound closure and tube formation in HUVECs, and their dependence on RhoA, were also analyzed by cell migration and tube formation assays. Results: We show that in HUVECs actin filaments are disorganized and RhoA activity is reduced by simulated microgravity. Blocking RhoA activity either by C3 transferase Rho inhibitor or siRNA knockdown mimicked the effect of simulated microgravity on inducing actin filament disassembly, followed by enhanced wound closure and tube formation in HUVECs, which closely resembled effects seen on microgravity-treated cells. In contrast, overexpressing RhoA in microgravity-treated HUVECs restored the actin filaments, and decreased wound closure and tube formation abilities. Conclusion: These results suggest that RhoA inactivation is involved in the actin rearrangement-associated angiogenic responses in HUVECs during simulated microgravity.
Simulated Microgravity Promotes

Introduction
Dramatic alterations in the human body occur during the adaptations to weightlessness during space flights, which include a series of pathological changes from the cellular to tissue/ organ level [1] [2] [3] , especially in the cardiovascular systems [4] [5] [6] [7] [8] . Specifically, endothelial cells, as key players that maintain vessel integrity, immune function and metabolic homeostasis, have been extensively studied for the effects of simulated microgravity on vascular biology [9, 10] . Abnormalities in endothelial cells induced by microgravity may be implicated in orthostatic intolerance associated with cardiovascular dysfunction following space flights [7, [11] [12] [13] . Nevertheless, some important aspects of endothelial biology during simulated microgravity and underlying mechanisms still remain unclear.
As a structural adjustment to increase vascular perfusion, a form of new vessel growth from the existing vasculature, termed angiogenesis, can be induced by simulated microgravity. For instance, microgravity treatment in human umbilical vein endothelial cells (HUVECs), a well-characterized cell model for studying angiogenesis in vitro, results in enhanced formation of capillary-like tubes in a 3D-matrix culture system [14] . Furthermore, previous studies including ours have demonstrated that the increased angiogenic capacity of HUVECs induced by simulated microgravity depends on nitric oxide (NO) production [14, 15] . It was found that phosphoinositide 3-kinase (PI3K) pathway can stimulate endothelial nitric oxide synthase (eNOS) phosphorylation and activation in HUVECs exposed to microgravity, in which caveolin-1 (Cav-1), a scaffolding protein that functions as a potential mechanosensor for simulated microgravity, could be a critical mediator. The decreased Cav-1/eNOS interactions in HUVECs exposed to microgravity can lead to eNOS-phosphorylationassociated enzyme activation [15] , thus inducing endothelium-dependent angiogenesis during simulated microgravity.
In addition, another possible player in mediating microgravity-stimulated angiogenesis is cytoskeleton dynamics. The coordinated remodeling of actin networks in cells is required by multiple steps of angiogenesis including sprouting, migration and adhesion [16, 17] . Cytoskeletal components such as microtubules [18] and actin filaments [19] [20] [21] are known to be affected by simulated microgravity. These rearrangements of cytoskeletons correlate with morphological alterations of cells under simulated microgravity conditions, thus influencing a variety of cellular processes such as transcriptional response, cell differentiation and oxidative stress. Notably, disorganization of actin induced by simulated microgravity was shown to be linked with eNOS activation in endothelial cells [20] . It seems that cytoskeleton dynamics could cooperate with NO signaling during simulated microgravity. Importantly, several studies also demonstrated effects of real microgravity environment on the cytoskeleton. Both short-term (22 second) and long-term (10 days) weightlessness could induce changes in cytoskeleton of human cells [22, 23] . Using live-cell imaging during a rocket flight, Corydon et al. observed significant alterations in the organization of cytoskeleton [24] . However, the role of actin cytoskeleton rearrangement in angiogenesis stimulated by microgravity is unknown.
RhoA, a member of the Rho GTPase family of small G proteins, is a master regulator of actin dynamics [25, 26] . When activated, GTP-bound RhoA recruits and stimulates downstream effectors to facilitate polymerization of actin monomers. Although the mechanisms are illusive, a decreased activity of RhoA was observed in brain microvascular endothelial cells responding to simulated microgravity, which is also accompanied by a disorganization of actin cytoskeleton [19] . A delicate balance in RhoA activity seems essential for cell-specific migration depending on signaling context. It is known that efficient RhoA activity is required for migration, but high RhoA activity may inhibit cell migration as well [27, 28] .
Here we explore a hypothesis that RhoA-dependent actin cytoskeleton rearrangement is involved in angiogenesis promoted by simulated microgravity. We aim to test previous findings that both RhoA activity and actin filaments of HUVECs are reduced during simulated microgravity. We then determine whether these changes are responsible for the increased cell migration and tube formation during simulated microgravity. We used two main approaches: 1) loss of RhoA function by Rho inhibitor or genetic silencing of RhoA in cells under microgravity; 2) overexpression of RhoA in cells under normal gravity. The combined results provide a mechanistic link between RhoA inactivation, disorganization of actin filaments and enhanced angiogenic activities in HUVECs responding to simulated microgravity.
Methods and Materials
Cell culture and treatment HUVECs (Lonza, USA) were grown and propagated in EGM-2 medium (Lonza, USA) at 37 o C, 5% CO 2 . The cells with passage numbers less than 7 were used in the experiments. For the inhibition of RhoA pathway, an inhibitor based on C3 Transferease (Cytoskeleton, USA) was used to inactivate Rho GTPase by ADP-ribosylation in the effector binding domain [29] . This study was approved by the ethics committee of Fourth Military Medical University.
Simulated microgravity
A two dimensional, clinostat-based strategy was used to simulate microgravity in HUVECs [14] . In brief, HUVEC cells were grown on gelatin-coated coverslips, which were then fixed and incubated in vessel chambers filled with culture medium. The chambers were then placed in clinostat (2D-RWV, Rotating Wall Vessel, developed by China Astronaut Research and Training Center) and continuously rotated around the horizontal axis in order to avoid the uniform gravity influence. In this study, HUVEC cells were mainly separated into two groups that exposed to either normal gravity (NG, without rotation), or simulated microgravity (Clino, clinorotation at 30 rpm) both for 24 hours at humidified incubator at 37 o C, 5% CO 2 .
Immunofluorescence and epifluorescence microscopy The cells after treatments were fixed with 4% paraformaldehyde in PBS for 15 min followed by permeabilization with 0.05% Triton-X in PBS for 5 min, and then blocked with 1% BSA for 1 hour at room temperature. FITC-conjugated phalloidin (Invitrogen, USA) was used to stain actin filaments, and anti-RhoA antibody (Abcam, USA, ab54835) was used to stain RhoA, respectively, for 30 min. Cells were then washed by PBS 3 times before imaging, with the cell nuclei stained by DAPI in Vectashield mounting medium (Vector Labs, USA). Fluorescence signals were then imaged using the same settings by Olympus IX53 inverted epifluorescent microscope using appropriate filters. Total intensity of the FITC-conjugated phalloidin fluorescence per cell from 5 different fields (n>40 cells each) was calculated by Image J from NIH (using the same settings) and used as measurement of microfilaments, using arbitrary units as mean ± SD from at least three independent experiments.
Western blotting
After the treatments, HUVECs on the slides were washed twice with PBS and then lysed in RIPA buffers on ice. After protein assays, the same amounts of protein extracts were boiled in 2× laemmli sample buffer for 10 min, and then resolved in SDS-PAGE followed by Western blotting. The anti-RhoA antibody (Abcam, USA, ab54835) was used for blotting the proteins. The input controls were analyzed by using anti-GAPDH (Abcam, USA).
RhoA activity assay
The activities of RhoA were measured by pull-down assays for GTP-bound forms of the proteins (Cytoskeleton, USA). The same amount of the above protein lysates was mixed with Rhotekin-RBD protein (GST-fusion) beads (Cytoskeleton, USA). After incubation at 4 o C for 1 hour, the beads were washed twice and precipitates were then analyzed by Western blotting for RhoA, as normalized to GAPDH levels.
RhoA RNAi knockdown and overexpression
The knockdown of RhoA in HUVEC cells were performed by a commercial available siRNA-mediated strategy (Santa Cruz, USA). The siRNA reagents that consist of pools of three to five RhoA-specific 19-25 nt siRNAs (sc-29471, Santa Cruz, USA) were transfected into HUVECs by Lipofectamin 2000 (Invitrogen, USA). The control knockdown used a scrambled sequence (Control siRNA-A, sc-37007, Santa Cruz, USA) in the transfection. For the overexpression of RhoA in HUVEC cells, human RhoA ORF (NM_001664) was cloned into pCMV2 mammalian expression vector, while empty pCMV2 vector was used as control. The plasmids were transfected in cells using Nucleofector (Lonza, USA).
Quantitative PCR Gene expressions were measured by quantitative PCR for the HUVECs harvested after the treatments. Total RNA was extracted by Trizol (Invitrogen, USA) and reverse transcribed into cDNA by using kits (Applied Biosystems, USA). The qPCR primers used included: RhoA (NM_001664, forward: 5'-GGA AAG CAG GTA GAG TTG GCT-3', reverse: 5'-GGC TGT CGA TGG AAA AAC ACA T-3', 138 bp); and GAPDH (NM_002046.4, forward: 5'-AAC GGA TTT GGT CGT ATT G-3', reverse: 5'-GGA AGA TGG TGA TGG GAT T-3', 208 bp). The triplicate PCR reactions were performed by cyber green-based system (Applied Biosystems, USA), and the expression levels were normalized to GAPDH mRNA.
Cell migration assay
After the clinorotation treatments, a wound closure assay was performed to examine the ability of cell migration [15] . In brief, a wound was generated as the cell boundary at time zero by scraping confluent HUVECs with a 200 μl pipette tip. 24 hours later, the migrating cells into the scratches were analyzed in an Olympus microscope. The distance between the leading edges of migrating cells was calculated and averaged. The results of migration were normalized to the cells exposed to the normal gravity.
Tube formation assay
The in vitro tube formation in HUVEC cells was performed in Matrigel as previously described [15] . Briefly, Matrigel matrix (BD bioscience, USA) was thawed in ice overnight and then prepared in 24-well plate (250 μl) at 37 o C, 5% CO 2 for 1 hour. After the clinorotation treatments, HUVECs on the slides were trypsinized and cell numbers were counted. 400 μl of cells at 2×10 5 cells/ml were seeded onto the presolidified matrigel in the wells with 10% fetal bovine serum in the medium, which were then incubated with clinorotation. Tubes formed 20 hours later were imaged with a microscope, and quantified by the measurement of the tube length in five random areas in Image J from NIH. Experiments were repeated at the least three times and the results were calculated as the relative fold to the control treated cells.
Statistical Analysis
Data were presented by mean ± SD from at least three independent experiments. Statistical comparisons between groups were analyzed using student t-test ( Fig. 1 and Fig. 3 ), or two-way ANOVA analysis followed by Tukey's tests (Fig. 2, 4-6 ) with significances at p < 0.05 for the comparisons as indicated.
Results
Simulated microgravity in HUVECs induces both dissociation of F-actin and inactivation of RhoA
To determine if simulated microgravity could alter the rearrangement of actin cytoskeleton in HUVECs, we treated the cells with clinorotation to mimic microgravity conditions. Consistent with previous reports [20, 30] , a reduction in F-actin filaments was observed in cells following 24 hours of microgravity exposure (Fig. 1A, Clino) , comparing to normal gravity-treated cells (NG). Approximately 80% decrease in F-actin assembly was seen based on the calculated arbitrary units of F-actin microfilaments by phalloidin staining (Fig. 1B) . Interestingly, this dramatic change in actin cytoskeleton networks coincided with the effect of simulated microgravity on RhoA signaling as well. First of all, protein levels of total RhoA were decreased in microgravity-treated HUVECs (Fig. 1C) . In addition, we found that the activity of RhoA, estimated by affinity-pulldown using effector, was attenuated by microgravity in comparison with NG-treated controls (Fig. 1D) . To determine if there is a potential correlation between the reduction of F-actin and decreased RhoA activity in microgravity-treated HUVECs, we first used C3 transferase, a RhoA inhibitor (Fig. 2) . In the presence of the RhoA inhibitor, actin filaments in normal cells quickly disorganized as expected, whereas there was no further decrease on microgravity-treated cells ( Fig. 2A and  B) . Thus, it is likely that the reduction of actin filaments in microgravity-treated HUVECs depends on the attenuation of RhoA activity. Meanwhile, protein levels of actin and GAPDH were not affected by RhoA inhibitor under either normal or microgravity conditions, indicating that it is indeed the organization, but not expression, of actin cytoskeleton that was affected by RhoA (Fig. 2C) .
RhoA is necessary and sufficient to mediate the rearrangement of actin cytoskeleton during simulated microgravity
To confirm the functional significance of RhoA inactivation for the rearrangement of actin cytoskeleton during simulated microgravity, we used HUVECs that have either knockdown or overexpression of RhoA (Fig. 3) . As shown as Fig. 3A , the levels of both RhoA transcript and protein were decreased in siRNA-knockdown cells (RhoA siRNA), comparing to control knockdown cells (control siRNA). On the other hand, overexpression plasmid for human RhoA gene was transfected into HUVECs, with cells transfected with empty vector as control.
The feasibility of the gain-of-the function approach was supported by the increased RhoA expression following transfection of RhoA plasmid in HUVECs (Fig. 3B) . Immunofluorescent staining against RhoA in the above treated cells exhibited the same pattern (Fig. 3C) .
Consequently, actin filaments were markedly diminished in RhoA-knockdown HUVECs, bearing strong resemblance to the cells in microgravity condition (Fig. 4A) . Similar to the findings using Rho inhibitor, the reduction of F-actin in microgravity-treated cells was not further decreased by RhoA knockdown (Fig. 4A and B) . In contrast, overexpression of RhoA in cells treated by simulated microgravity significantly restored the assembly of actin filaments, whereas their effects on normal gravity-treated cells were minimal ( Fig. 4D and E) . The amount of F-actin cytoskeleton microfilaments labeled by FITC-phalloidin was elevated by 3-fold in microgravity-treated cells, to comparable level of normal gravity condition. These data indicate that RhoA attenuation plays a key role on actin filament dissociation induced by simulated microgravity in HUVECs. Similarly, protein levels of actin and GAPDH were not affected by changes in RhoA expression under either normal or microgravity conditions, further validating that RhoA affected actin cytoskeleton organization rather than expression (Fig. 4C and F) .
RhoA inactivation plays a critical role in enhanced migration and tube formation of HUVECs responding to simulated microgravity
We next examined whether the manipulations of RhoA could also alter the behaviors of microgravity-treated HUVECs in cell migration and angiogenesis, both of which are dependent upon cytoskeleton remodeling. First, in the presence of Rho inhibitor, the percentage of wound closure in normal gravity-treated cells was enhanced to a level similar to those under simulated microgravity (Fig. 5A) . In contrast, treating cells with Rho inhibitor under microgravity condition had no effect, implicating a mechanistic association between the downregulation of RhoA signaling and increased cell migration induced by simulated microgravity. Accordingly, angiogenic activities under various gravity conditions, as indicated by tube formation capacity, showed an identical change in response to the Rho inhibitor (Fig.  5B) . RhoA inhibitor treatment increased the tube formation activity in cells under normal gravity, whereas the effects on microgravity-treated cells were insignificant.
We then performed cell migration and tube formation assays in the cell models of genetically manipulated RhoA. Comparing to control knockdown (NG+control siRNA), HUVECs treated by RhoA siRNA (NG+RhoA siRNA) exhibited significantly increased abilities in both cell migration and tube formation (Fig. 6A and B) . Notably, these effects closely resembled the cells induced by simulated microgravity (Clino+control siRNA). Once again, there were no significant changes in either cell migration or tube formation when RhoA knockdown was performed in cells stimulated by microgravity (Clino+RhoA siRNA). On the other hand as shown in Fig. 6C and D, when RhoA expression was increased in cells exposed to microgravity (Clino+RhoA plasmid), the angiogenic potential, including enhanced cell migration and increased tube formation, was normalized to similar levels of cells under normal gravity (NG), compared to the control cells (Clino+empty vector). These data indicate that repressed RhoA signaling is critical in the simulated microgravity-induced angiogenesis.
Discussion
In the current study, we show that the attenuation of RhoA activity in HUVECs mediates the induced angiogenic activity during simulated microgravity. This conclusion is supported by our findings in three major types of models: 1) RhoA inhibitor treatment by C3 transferase; 2) reduction of RhoA levels by siRNA knockdown; and 3) upregulation of RhoA levels by overexpression. We found that the actin filaments were greatly diminished in HUVECs by either clinorotation, a simulated condition for microgravity, or by RhoA inhibitions. Coincidently, RhoA activity is indeed suppressed by microgravity. Further manipulation of RhoA levels in cells demonstrates that RhoA is both necessary and sufficient for the disorganization of F-actin in HUVECs during simulated microgravity. Importantly, decreased RhoA is required for promoting cell migration and tube formation in microgravity-treated cells, suggesting that the RhoA-dependent cytoskeleton rearrangement may be intrinsically responsible for the stimulated angiogenesis by simulated microgravity.
The physiological changes in the human body during spaceflight are initiated through an amazingly multitude of gravity sensing molecules for cell structural modulations. Our present research on angiogenesis induced by simulated microgravity has focused on one such signaling player, RhoA-dependent cytoskeleton rearrangement. RhoA regulates downstream effectors by acting as a molecular switch between the active GTP-bound and inactive GDP-bound states [31] . When activated by the family of guanine nucleotide exchange factors (GEFs), RhoA protein subsequently promotes the assembly of actin fibers in cells [31] [32] [33] . Depending on the spatiotemporal dynamics of RhoA activity in cells, RhoA signaling is concerted with either cytoskeleton or membrane remodeling, playing distinct functions in cell migration [34] . Our data is consistent with prior findings that RhoA-associated signaling could be attenuated by simulated microgravity (Fig. 1) . It was found that in the bovine brain microvascular endothelial cells, simulated microgravity decreased the amount of GTP-bound RhoA, which correlated with the downregulation of leukemia-associated Rho GEF, a Rho activator [19] . In human mesenchymal stem cells cultured in simulated microgravity, both RhoA activity and subsequent cofilin phosphorylation were significant reduced [35] . On the other hand, under simulated microgravity, upregulation of RhoA pathway was also observed in fibroblast cells [36] and neural crest stem cells [37] . Thus, it seems that RhoA activity could be influenced by variations in gravity environment in a cell-or context-specific manner. In contrast, the organization of cytoskeleton is mostly found disrupted in cells exposed to microgravity [38] . In general, the polymerizations of actin and microtubules are inhibited by microgravity, thus leading to the collapse of the cytoskeleton networks, changes in shape of cells and loss of matrix adhesions during microgravity. As a result, cells are often stimulated by microgravity towards a more migratory phenotype [19, 20, [38] [39] [40] . The mechanisms underlying such gravity-dependent modulation of cytoskeleton have remained obscure, and our current results pinpoint one specific player in HUVECs, namely the downregulation of RhoA signaling in response to simulated microgravity. Overexpression of RhoA has rescued the reduced assembly of actin filaments in microgravity-treated cells, which strongly suggests the indispensable function of RhoA in the rearrangement of actin cytoskeleton during simulated microgravity ( Fig. 3 and 4) .
Since the reduction in RhoA-dependent cytoskeleton rearrangement is associated with higher motility, we extended our interests in studying microgravity-stimulated angiogenesis. We used the same cell models, with increased or decreased RhoA signaling, to evaluate their abilities of cell migration and tube formation, both of which are conventional indexes for angiogenesis in vitro. Similar to the effects on cytoskeleton organization, the parallel regulations of angiogenic responses have occurred in these models following changes in RhoA activity (Fig. 5 and 6 ). These data suggest that lowering RhoA activity is also responsible for the stimulating effects of microgravity on angiogenesis. Although RhoA signaling is often proposed as an essential pathway required by migration and angiogenesis, our study presents a unique case in which decreased RhoA activity promotes cell angiogenic potential. This discrepancy could be explained by the distinct spatiotemporal functions of RhoA in directed cell migration. For instance, high RhoA activity near the plasma membrane prevents cell movement possibly by tight adhesion to the substrate [27, 28] . It would be interesting to dissect the exact locations of RhoA signaling modulated by microgravity environment. The results could improve our understandings for sensing the alterations in gravitational levels. In additiona, the cell shape-dependent control of the cytoskeleton is maintained by the cooperation of RhoA, Rac and Cdc42 proteins [41] . The redistribution of Rho GTPase activities and remodeling of cytoskeleton networks across the cell body should play crucial functions, and a combinational effect from the actions of RhoA with other GTPases is necessary for the cell morphological changes, such as capillary formation during simulated microgravity.
Furthermore, RhoA signaling may affect microgravity-stimulated angiogenesis through collaborating with other pro-angiogenic factors. Our previous research on HUVECs treated by simulated microgravity highlights an important mechanic sensor-Cav-1 [15] . It has been reported that the quantity of caveolae was reduced and their integrity was compromised in HUVECs exposed to simulated microgravity [14] . We found that the expression of Cav-1 was also decreased in HUVECs exposed to microgravity, which disrupted the interaction of Cav-1 with eNOS and promoted angiogenic responses through eNOS activation [15] . Interestingly, both Cav-1 and the NO synthesis are associated with alterations in actin cytoskeleton in human endothelial cell response to the gravitational changes [20, 30, 42] . Cytoskeleton alterations are known to be able to regulate eNOS status [43] . Thus, RhoA modulation, then the disorganization of actin filaments, and eNOS activation could constitute a feasible mechanistic pathway by which microgravity promotes angiogenesis. In this sense, our data raised a possibility that, through independent changes in cellular structures, such as in the caveolae or cytoskeletons, simulated microgravity may enhance angiogenesis, which may also contribute to other cellular process such as wound healing [44] . For instance, Siamwala et al. found that exposure to microgravity for 2 hours promoted migration and wound healing in human endothelial cell line Eahy926 [20] . Future directions for exploring this hypothesis will include studies on the potential relationships between Rho GTPase, caveolin and eNOS proteins involved in the response of HUVECs to microgravity.
Conclusion
In conclusion, our data present evidences that, for the first time, microgravity stimulates angiogenesis through the inhibition of RhoA signaling. This modulation likely depends on the depolymerization of actin filaments. The relevance of our current study to human health lies in the observations of pathophysiological symptoms inherent to the spaceflight environment. Further research based our results could help us to better understand the mechanisms of microgravity-associated vascular abnormalities, such as excessive neovascularization implicated in unstable blood vessels and increased risk of retinal arterial occlusions.
